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Quadrennial	Technology	Review-2015	
hOp://www.energy.gov/quadrennial-technology-review-2015	

The	QTR	is	a	comprehensive	
assessment	of	science	and	
energy	technology	R&D	
opportuniHes	to	address	our	
naHon's	energy-linked	economic,	
environmental,	and	security	
challenges.		
	



•  The	Climate	AcHon	Plan	(June	2013):	
–  Cut	carbon	emissions	in	the	United	States	
–  Prepare	the	United	States	for	the	impacts	of	climate	change	
–  Lead	internaYonal	efforts	to	address	global	climate	change	

	
•  Quadrennial	Energy	Review	(QER):	Analyze	government-wide	energy	

policy,	parYcularly	focused	on	energy	infrastructure.	

•  Quadrennial	Technology	Review	(QTR):	Analysis	of	the	most	
promising	R&D	opportuniYes	across	energy	technologies	leading	
towards	a	clean	energy	economy.	

The	resulHng	analysis	and	recommendaHons	of	the	QTR	2015	will	
inform	the	naHonal	energy	enterprise	and	will	guide	the	Department	
of	Energy’s	programs	and	capabiliHes,	budgetary	prioriHes,	industry	
interacHons,	and	naHonal	laboratory	acHviHes.		

AdministraHon	prioriHes	



Expanded	Scope	of	QTR	2015	

The	QTR	evaluates	major	changes	since	the	first	volume	of	the	QTR	was	
published	in	2011	and	provides	forward	leaning	analysis	to	inform	
DOE’s	strategic	planning	and	decision	making,	via:	

•  Systems	Analyses	–	to	evaluate	the	power,	buildings,	industry,	
and	transportaYon	sectors,	enabling	a	set	of	opYons	going	
forward.	

•  Technology	Assessments	–	Examines	in	detail,	the	technical	
potenYal	and	enabling	science	of	key	technologies	out	to	2030.	

•  Road	Maps	–	Uses	these	analyses	and	assessments	to	extend	R&D	
Roadmaps	and	frame	the	R&D	path	forward.	



QTR	2015	

hOp://energy.gov/quadrennial-technology-review-2015	



6	

Sustainable	Manufacturing	Technology	Assessment	
Approach–	Outline	a	framework	to	beOer	capture	economy-wide	affect	
energy	and	GHG	emissions,	and	to	help	characterize	improvement	
opportuniYes,	including:	
•  Changes	in	materials	and	industrial/manufacturing	processes	
•  Material	flows	and	manufactured	products	
•  Cross-sectoral	and	life	cycle	impacts	
•  Embodied	Energy	&	GHGs	

•  Energy	reducYons	
•  Emissions	reducYons	

•  Use	and	re-use	energy/emissions	reducYons	
•  Increased	value-added	
•  Improved	quality	/	Improved	service	

Materials	 Manufacture	 Transport	 Disposal	End	Use/	
Re-use	

Intermediate	
Use	
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Sustainable	Manufacturing	Technology	Assessment	
Approach–	Outline	a	framework	to	beOer	capture	economy-wide	affect	
energy	and	GHG	emissions,	and	to	help	characterize	improvement	
opportuniYes,	including:	
•  Changes	in	materials	and	industrial/manufacturing	processes	
•  Material	flows	and	manufactured	products	
•  Cross-sectoral	and	life	cycle	impacts	
•  Embodied	Energy	&	GHGs	

•  Energy	reducYons	
•  Emissions	reducYons	

•  Use	and	re-use	energy/emissions	reducYons	
•  Increased	value-added	
•  Improved	quality	/	Improved	service	

Materials	 Manufacture	 Transport	 Disposal	End	Use/	
Re-use	

Intermediate	
Use	

Target	Technologies	



	
•  TransformaHve:		Results	in	significant	change	in	the	life-cycle	

impact	(energeYc	or	economic)	of	manufactured	products	

•  Pervasive:		Creates	value	in	mulYple	supply	chains,	diversifies	
the	end	use/markets,	applies	to	many	industrial/use	domains	
in	both	exisYng	and	new	products	and	markets	

•  Globally	CompeHHve:		Represents	a	compeYYve/strategic	
capability	for	the	United	States	

•  Significant	in	Clean	Energy	Industry:		Has	a	quanYfiable	
energeYc,	environmental	or	economic	value.	

Targeted	technologies	are	impacWul,	for	example:	

8	
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U.S.	Economy:	95	Quads	

U.S.	Economy-Wide	Energy	Demand	

Source:	EIA	Monthly	Energy	Review,	Aug	2014;	AEO	2014	

2012	Data	



Industry	and	Manufacturing	Energy	Use	

U.S.	Economy:	95	Quads	
Industry:	31	Quads	

Source:	EIA	Monthly	Energy	Review,	Aug	2014;	AEO	2014	

Fuel	mix	
shows	
diverse	
nature	of	
industry	

energy	use	

2012	Data	 *	Renewables	consist	primarily	of	biomass	energy	(2.2		Quads),	with	the	
remainder	from	onsite	hydroelectric,	geothermal,	wind	and	solar	energy.	 10	



Industry	and	Manufacturing	Energy	Use	

Source:	EIA	Monthly	Energy	Review,	Aug	2014;	AEO	2014	

2012	Data	

U.S.	Economy:	95	Quads	

2012	Data	 *	Renewables	consist	primarily	of	biomass	energy	(2.238		Quads),	with	the	
remainder	from	onsite	hydroelectric,	geothermal,	wind	and	solar	energy.	

Manufacturing:	
24.4	Quads	

11	



Source:	EIA	Monthly	Energy	Review,	Aug	2014;	AEO	2014	

Minus	feedstocks	=		
19.2	Quads	

2012	Data	 *	Renewables	consist	primarily	of	biomass	energy	(2.238		Quads),	with	the	
remainder	from	onsite	hydroelectric,	geothermal,	wind	and	solar	energy.	

U.S.	Economy:	95	Quads	

Manufacturing:	
24.4	Quads	
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Source:	EIA	Monthly	Energy	Review,	Aug	2014;	AEO	2014	

Minus	feedstocks	=		
19.2	Quads	

2012	Data	

Manufacturing:	
24.4	Quads	

*	Renewables	consist	primarily	of	biomass	energy	(2.238		Quads),	with	the	
remainder	from	onsite	hydroelectric,	geothermal,	wind	and	solar	energy.	

U.S.	Economy:	95	Quads	
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Source:	EIA	Monthly	Energy	Review,	Aug	2014;	AEO	2014	

Minus	feedstocks	=		
19.2	Quads	

2012	Data	

Manufacturing:	
24.4	Quads	

*	Renewables	consist	primarily	of	biomass	energy	(2.238		Quads),	with	the	
remainder	from	onsite	hydroelectric,	geothermal,	wind	and	solar	energy.	

U.S.	Economy:	95	Quads	

Of	the	24.4	
Quads	of	

manufacturing	
energy	

demand	à	6.9	
Quads	are	
applied.	

14	
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Systems	approach	to	industrial		&	manufacturing	analysis	



System	Bounds:	
Impacted	by	Manufacturing	

Note:	1	quad	=	1,000	TBtu	

U.S.	Energy	Economy	
95	quads*	

TransportaHon	
Sector	

27	quads	

ResidenHal	
Sector	

20	quads	

Commercial	
Sector	

17	quads	

Industrial	
	Sector	
31	quads	

Supply-Chain	Systems	

ProducHon/Facility	Systems	

Manufacturing	Systems/	
Unit	OperaHons	
	

Industrial	Systems	
31	quads	

Equipment	used	for	manufacturing	
process	and	nonprocess	unit	
opera3ons	

Network	of	facili3es	and	opera3ons	
involved	in	moving	materials	through	
industry,	from	extrac3on	of	raw	materials	
to	the	produc3on	of	finished	goods.		

Equipment,	process	flow,	and	
energy	strategies	that	comprise	a	
goods-producing	facility	

•  Technologies	for	clean	&	efficient	manufacturing		
•  Technologies	to	improve	energy	use	in	transporta3on	
•  Technologies	to	improve	energy	use	in	buildings	
•  Technologies	to	improve	energy	produc3on	and	delivery	

Energy		
ProducHon	

Energy		
Delivery	

Manufacturing,	facility,	and	supply-chain	improvements	
reduce	the	12	quads	lost	within	the	industrial	sector	

Energy-efficient	technologies	reduce	
the	58	quads	lost	throughout	the	

U.S.	Energy	Economy	

Petroleum	Refinery	

Facility	Steam	

~26	TBtu	

~5	TBtu	

Refining	Industry		
~4	quads	

Example:	Petroleum	Refining	

Atmospheric	
DisHllaHon	Unit	

Hydro-
cracker	

CatalyHc	
Reformer	

~4	TBtu	 ~2	TBtu	 ~3	TBtu	

16	*2012,	EIA	



Drivers	to	Reduce	Energy	&	Emissions	through	
the	Product	Life	Cycle	

Energy	Intensity	e.g.:	
Process	efficiency	
Process	integraYon	
Waste	heat	recovery	

Carbon	Intensity,	e.g.:	
Process	efficiency	

Feedstock	subsYtuYon	
Green	chemistry	

Biomass-based	fuels	
Renewables	

	
Use	Intensity	e.g.:	

Recycling	
Reuse	and	remanufacturing	

Material	efficiency	and	subsYtuYon	
By-products	

Product-Service-Systems	
17	



Energy	Intensity	Improvements	

Energy	Intensity	e.g.:	
Process	efficiency	
Process	integraYon	
Waste	heat	recovery	

Carbon	Intensity,	e.g.:	
Process	efficiency	

Feedstock	subsYtuYon	
Green	chemistry	

Biomass-based	fuels	
Process	changes	
Renewables	

	
Use	Intensity	e.g.:	

Recycling	
Reuse	and	remanufacturing	
Material	efficiency	and	

subsYtuYon	
By-products	

Product-Service-Systems	

18	

Technical	Energy	Savings	OpportuniHes:	

Source:	DOE/AMO,	Energy	Bandwidth	Studies	(2015)	
Note:	1	quad	=	1000	TBtu	



Carbon	Intensity	Improvements	

19	

Direct	emissions	with	efficiency	
improvements	only…	

…and	with	fuel	switching	and												
material	subsYtuYon	

Example	analysis	using	the	Buildings,	Industry,	Transport,	Electricity	Scenario	(BITES)	tool		

Carbon	capture	and	
sequestraYon	(CCS)	
technologies	offer	
addiYonal	
opportuniYes	

Agriculture,	mining,	
construcYon:	
OpportuniYes	for	
advanced	engines,	
biofuels,	etc.	

Energy	Intensity	e.g.:	
Process	efficiency	
Process	integraYon	
Waste	heat	recovery	

Carbon	Intensity,	e.g.:	
Process	efficiency	

Feedstock	subsYtuYon	
Green	chemistry	

Biomass-based	fuels	
Process	changes	
Renewables	

	
Use	Intensity	e.g.:	

Recycling	
Reuse	and	remanufacturing	
Material	efficiency	and	

subsYtuYon	
By-products	

Product-Service-Systems	



Use	Intensity	Improvements	

20	

Expanded	Technology	Opportunity	Space:	
• 	Materials	Shin	–	To	enable	increase	of	secondary	aluminum	by	manufacturing	
• 	End-of-life	shin	–	To	enable	greater	capture	and	use	of	landfill	+	scrap	export		
• 	Systems-wide–	Materials	&	product	design,	manufacturing,	use	and	re-use.	
	

Energy	Intensity	e.g.:	
Process	efficiency	
Process	integraYon	
Waste	heat	recovery	

Carbon	Intensity,	e.g.:	
Process	efficiency	

Feedstock	subsYtuYon	
Green	chemistry	

Biomass-based	fuels	
Process	changes	
Renewables	

	
Use	Intensity	e.g.:	

Recycling	
Reuse	and	remanufacturing	
Material	efficiency	and	

subsYtuYon	
By-products	

Product-Service-Systems	



Systems	approach	in	the	QTR	Industry	&	Manufacturing	chapter:	

System	Level	 As	defined	in	the	QTR	
Manufacturing	
Systems/Unit	
OperaHons	

Technology	and	equipment	used	for	manufacturing	process	and	
nonprocess	unit	operaAons		

ProducHon/Facility	
Systems	

Equipment,	process	flow,	and	energy	strategies	that	comprise	a	
goods-producing	facility	

Supply-Chain	Systems	 FaciliAes	and	operaAons	involved	in	moving	materials	through	an	
industry,	from	the	extracAon	of	raw	materials	to	the	producAon	of	
finished	goods.	

21	



Technology	opportuniHes	exist	at	each	systems	level	

System	Level	 Examples	 R&D	Opportunity	Examples	
Manufacturing	
Systems/Unit	
OperaHons	

•  Composites/curing	system	
•  Chemicals	separaYon	system	
•  Low	thermal-budget	process	

heaYng	

•  TransiYon	from	autoclave	to	
out-of-the	autoclave	technology	

•  TransiYon	from	disYllaYon	to	
membranes	

•  Smart	manufacturing	equipment	

ProducHon/Facility	
Systems	

•  Petroleum	refinery	
•  Vehicle	assembly	plant	
•  Facility	steam	systems	
•  Enterprise	computer/control	

systems	

•  Process	intensificaYon	
•  Smart	enterprise	systems	
•  Advanced	CHP	systems	
•  Grid-friendly	equipment		

Supply-Chain	Systems	 •  Steel	industry	
•  TransportaYon	equipment	

industry	
•  Distributed	manufacturing	

•  Recyclability/design	for	re-use	
•  AlternaYve	materials	

development	
•  Use	of	low-carbon	fuels	and	

feedstocks	
•  Technology	opportuniYes	to	

transform	markets	

22	



Advanced	Materials	
Manufacturing	

Manufacturing	Systems	–		
Unit	OperaHons	

ProducHon	/	Facility	Systems	–		
Energy	and	Resource	UHlizaHon	

Sustainable	Manufacturing	/		
Flow	of	Materials	through	Industry	

CriHcal	Materials	

Direct	Thermal	Energy	Conversion	
Materials,	Devices	and	Systems	

Wide	Bandgap	
Semiconductors	for	
Power	Electronics	

Materials	for	Harsh	
Service	CondiHons	

AddiHve	
Manufacturing	

Composite	
Materials	

Roll-to-Roll	Processing	

Process	
IntensificaHon	

Process	
HeaHng	

Advanced	Sensors,	
Controls,	PlaWorms	
and	Modeling	for	

Manufacturing	

Waste	Heat	
Recovery	Systems	

Combined	Heat	
and	Power	Systems	

Beyond	the	Plant	Boundaries	–		
Supply	Chain	and	Life	Cycle	

Secondary	impacts	
assessed	

Manufacturing	systems	
level	in	chapter	

Legend	

23	

QTR	Industry	&	Manufacturing	Technology	Assessments	



Technology	Assessments	at	their	principal	manufacturing	systems	level:	

System	Level	 QTR	Manufacturing	Technology	Assessments			
Manufacturing	Systems/
Unit	OperaHons	

ExisAng	Processes;	New	
Approaches		

•  Process	HeaAng		
•  Process	IntensificaAon		
•  Roll-to-Roll	Processing		
•  AddiAve	Manufacturing	

ProducHon/Facility	Systems	

Fuel	Flexibility	and	Waste	
Energy;	Data	and	
AutomaAon	

•  Combined	Heat	and	Power	Systems		
•  Waste	Heat	Recovery	Systems	
•  Adv.	Sensors,	Controls,	PlaQorms	and	Modeling	for	Mfg.	

Supply-Chain	Systems	

Increasing	Sustainability;	
Manufacturing	Energy-
Efficient	Products	
	

•  Advanced	Materials	Manufacturing		
•  CriAcal	Materials		
•  Sustainable	Manufacturing		
•  Direct	Thermal	Energy	Conv.	Materials,	Devices	&	Systems		
•  Materials	for	Harsh	Service	CondiAons		
•  Wide	Bandgap	Semiconductors	for	Power	Electronics	
•  Composite	Materials	

24	



Energy,	Carbon	and	Use	Intensity	Improvements	

25	

Energy	Intensity	e.g.:	
Process	efficiency	
Process	integraYon	
Waste	heat	recovery	

Carbon	Intensity,	e.g.:	
Process	efficiency	

Feedstock	subsYtuYon	
Green	chemistry	

Biomass-based	fuels	
Process	changes	
Renewables	

	
Use	Intensity	e.g.:	

Recycling	
Reuse	and	remanufacturing	
Material	efficiency	and	

subsYtuYon	
By-products	

Product-Service-Systems	

�	�	



Energy,	Carbon	and	Use	Intensity	Improvements	

26	

Energy	Intensity	e.g.:	
Process	efficiency	
Process	integraYon	
Waste	heat	recovery	

Carbon	Intensity,	e.g.:	
Process	efficiency	

Feedstock	subsYtuYon	
Green	chemistry	

Biomass-based	fuels	
Process	changes	
Renewables	

	
Use	Intensity	e.g.:	

Recycling	
Reuse	and	remanufacturing	
Material	efficiency	and	

subsYtuYon	
By-products	

Product-Service-Systems	

�	�	



Energy,	Carbon	and	Use	Intensity	Improvements	

27	
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Advanced	Materials	
Manufacturing	

Manufacturing	Systems	–		
Unit	OperaHons	

ProducHon	/	Facility	Systems	–		
Energy	and	Resource	UHlizaHon	

Sustainable	Manufacturing	/		
Flow	of	Materials	through	Industry	

CriHcal	Materials	

Direct	Thermal	Energy	Conversion	
Materials,	Devices	and	Systems	

Wide	Bandgap	
Semiconductors	for	
Power	Electronics	

Materials	for	Harsh	
Service	CondiHons	

AddiHve	
Manufacturing	

Composite	
Materials	

Roll-to-Roll	Processing	

Process	
IntensificaHon	

Process	
HeaHng	

Advanced	Sensors,	
Controls,	PlaWorms	
and	Modeling	for	

Manufacturing	

Waste	Heat	
Recovery	Systems	

Combined	Heat	
and	Power	Systems	

Beyond	the	Plant	Boundaries	–		
Supply	Chain	and	Life	Cycle	

Secondary	impacts	
assessed	

Manufacturing	systems	
level	in	chapter	

Legend	

Technology	Assessments	-	Current	technology	status,		
R&D	needs,	and	potenHal	impacts.	

28	



Sustainable	Manufacturing	–			
Flow	of	Materials	through	Industry				

Direct	Thermal	Energy	Conversion	
Materials,	Devices	and	Systems	

Wide	Bandgap	Semiconductors	
for	Power	Electronics	

Materials	for	Harsh	
Service	CondiEons	

Advanced	Materials	
Manufacturing	

AddiEve	
Manufacturing	

Composite	Materials	
Manufacturing	

Roll-to-Roll	
Processing	

Process	IntensificaEon	

Process	HeaEng	

Waste	Heat	
Recovery	Systems	

Combined	Heat		
and	Power	

CriEcal	
Materials	

Advanced	Sensors,	Controls,	
PlaJorms	and	Modeling	for	

Manufacturing	

Buildings	 TransportaEon	Grid	 Fuels	

ConnecEons	to	other	QTR	Chapters	and	Technology	Assessments	

Electric	Power	

Sustainable	Manufacturing	Technology	Assessment	–		
Scope:	

•  Supply	chain	issues,	from	resource	extracYon	to	end	of	life	(Life	Cycle	Analysis)	
•  Flow	diagrams	to	demonstrate	supply	chain	issues		
•  Material	efficiency:	mechanisms	for	reducing	demand	for	materials	(e.g.,	lightweighYng,	

scrap	reducYon,	increased	material	longevity)	
•  Design	for	Re-use	/	Recycling	



Sustainable	Manufacturing	–			
Flow	of	Materials	through	Industry				

Direct	Thermal	Energy	Conversion	
Materials,	Devices	and	Systems	

Wide	Bandgap	Semiconductors	
for	Power	Electronics	

Materials	for	Harsh	
Service	CondiEons	

Advanced	Materials	
Manufacturing	

AddiEve	
Manufacturing	

Composite	Materials	
Manufacturing	

Roll-to-Roll	
Processing	

Process	IntensificaEon	

Process	HeaEng	

Waste	Heat	
Recovery	Systems	

Combined	Heat		
and	Power	

CriEcal	
Materials	

Advanced	Sensors,	Controls,	
PlaJorms	and	Modeling	for	

Manufacturing	

Buildings	 TransportaEon	Grid	 Fuels	

ConnecEons	to	other	QTR	Chapters	and	Technology	Assessments	

Electric	Power	

Cross-Energy	ConnecHons	
•  Electric	Power:	management	of	water	&	energy	resources	
•  Buildings:	recycling	and	materials	subsAtuAon/minimizaAon	

Sustainable	Manufacturing	Technology	Assessment-	
ConnecHons	



Intra-Manufacturing	ConnecHons	

•  CriHcal	Materials:	materials	
subsAtuAon	

•  Process	HeaHng:	shared	ownership	of	
equipment	to	maximize	producAon	
intensity	

•  Materials	for	Harsh	Service	
CondiHons	/	Advanced	Materials	
Manufacturing:	materials	to	increase	
durability	or	facilitate	re-use	

•  Combined	Heat	and	Power	/	Process	
IntensificaHon:	modular	equipment	
design	for	easier	reconfiguraAon,	
upgrade	and	repair	

•  AddiHve	Manufacturing:	distributed	
manufacturing;	raw	material	
minimizaAon	

•  Composite	Materials:	Lightweight	
materials	manufacturing	for	life-cycle	
energy	savings	

•  Advanced	Sensors,	Controls,	
PlaWorms,	and	Modeling	for	
Manufacturing:	smart	technologies	to	
enable	track	&	trace	of	materials	
through	the	life	cycle	

•  Waste	Heat	Recovery:	opAmizaAon	of	
heat	flows	to	maximize	producAon	
intensity	and	minimize	waste	heat	
losses	

Sustainable	Manufacturing	–			
Flow	of	Materials	through	Industry				

Direct	Thermal	Energy	Conversion	
Materials,	Devices	and	Systems	

Wide	Bandgap	Semiconductors	
for	Power	Electronics	

Materials	for	Harsh	
Service	CondiEons	

Advanced	Materials	
Manufacturing	

AddiEve	
Manufacturing	

Composite	Materials	
Manufacturing	

Roll-to-Roll	
Processing	

Process	IntensificaEon	

Process	HeaEng	

Waste	Heat	
Recovery	Systems	

Combined	Heat		
and	Power	

CriEcal	
Materials	

Advanced	Sensors,	Controls,	
PlaJorms	and	Modeling	for	

Manufacturing	

Buildings	 TransportaEon	Grid	 Fuels	

ConnecEons	to	other	QTR	Chapters	and	Technology	Assessments	

Electric	Power	

Cross-Energy	ConnecHons	
•  Electric	Power:	management	of	water	&	energy	resources	
•  Buildings:	recycling	and	materials	subsAtuAon/minimizaAon	

Sustainable	Manufacturing	Technology	Assessment-	
ConnecHons	



Intra-Manufacturing	ConnecHons	

•  CriHcal	Materials:	materials	
subsAtuAon	

•  Process	HeaHng:	shared	ownership	of	
equipment	to	maximize	producAon	
intensity	

•  Materials	for	Harsh	Service	
CondiHons	/	Advanced	Materials	
Manufacturing:	materials	to	increase	
durability	or	facilitate	re-use	

•  Combined	Heat	and	Power	/	Process	
IntensificaHon:	modular	equipment	
design	for	easier	reconfiguraAon,	
upgrade	and	repair	

•  AddiHve	Manufacturing:	
distributed	manufacturing;	raw	
material	minimizaAon	

•  Composite	Materials:	Lightweight	
materials	manufacturing	for	life-
cycle	energy	savings	

•  Advanced	Sensors,	Controls,	
PlaWorms,	and	Modeling	for	
Manufacturing:	smart	technologies	to	
enable	track	&	trace	of	materials	
through	the	life	cycle	

•  Waste	Heat	Recovery:	opAmizaAon	of	
heat	flows	to	maximize	producAon	
intensity	and	minimize	waste	heat	
losses	

Sustainable	Manufacturing	–			
Flow	of	Materials	through	Industry				

Direct	Thermal	Energy	Conversion	
Materials,	Devices	and	Systems	

Wide	Bandgap	Semiconductors	
for	Power	Electronics	

Materials	for	Harsh	
Service	CondiEons	

Advanced	Materials	
Manufacturing	

AddiEve	
Manufacturing	

Composite	Materials	
Manufacturing	

Roll-to-Roll	
Processing	

Process	IntensificaEon	

Process	HeaEng	

Waste	Heat	
Recovery	Systems	

Combined	Heat		
and	Power	

CriEcal	
Materials	

Advanced	Sensors,	Controls,	
PlaJorms	and	Modeling	for	

Manufacturing	

Buildings	 TransportaEon	Grid	 Fuels	

ConnecEons	to	other	QTR	Chapters	and	Technology	Assessments	

Electric	Power	

Cross-Energy	ConnecHons	
•  Electric	Power:	management	of	water	&	energy	resources	
•  Buildings:	recycling	and	materials	subsAtuAon/minimizaAon	

Sustainable	Manufacturing	Technology	Assessment-	
ConnecHons	
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1.09	kg	

•  65%	weight	reducHon	
•  81%	reducHon	in	buy-to-fly	raHo	
•  66%	energy	savings	
•  Most	savings	occur	in	use	phase	

0.38	kg	

Case	Study:	OpHmized	Aircral	Bracket	

Source:	MFI	and	LIGHTEnUP	Analysis	
Note:	1	quad	=	1	×	109	MMBtu	

•  Lightweight	components	for	
the	transportaYon	sector	

•  Advanced	tooling	for	
manufacturing	

•  Custom	products	and	small-
batch	producYon	

•  Accelerated	design	cycles	for	
rapid	product	development	

ApplicaHons	in	MulHple	Sectors	

•  FabricaYon	of	large	products	
•  Distributed	manufacturing		
•  Time-quality	opYmizaYon	
•  Materials	efficiency	

R&D	Challenges	

Energy,	cost,	and	
environmental	impacts	
(throughout	life	cycle)	are	
applicaYon	dependent.	

AddiHve	Manufacturing	

Life-Cycle	Energy	Savings	for	AddiHve	Manufactured	Aircral	Bracket	
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Impacts	from	Aircral	Fleet-Wide	AdopHon	of		
AddiHve	Manufacturing	

•  Lightweight	components	for	
the	transportaYon	sector	

•  Advanced	tooling	for	
manufacturing	

•  Custom	products	and	small-
batch	producYon	

•  Accelerated	design	cycles	for	
rapid	product	development	

ApplicaHons	in	MulHple	Sectors	

•  FabricaYon	of	large	products	
•  Distributed	manufacturing		
•  Time-quality	opYmizaYon	
•  Materials	efficiency	

R&D	Challenges	

Energy,	cost,	and	
environmental	impacts	
(throughout	life	cycle)	are	
applicaYon	dependent.	

AddiHve	Manufacturing	

Scenario	
Slow	AdopHon	
new	aircran	only	

Mid-Range	AdopHon	
new	aircran	and	new	parts	

Rapid	AdopHon	
new	aircran,	new	parts,	and	
accelerated	replacement	

Annual	Energy	Savings	for	Fleet-Wide	AdopHon		
of	AddiHve	Manufactured	Components	in	Aircral	

Energy	Savings	Breakdown:	Over	95%	of	savings	occur	in	use	phase	

Source:	R.	Huang,	et	al.,	“The	Energy	and	Emissions	Saving	PotenYal	of	AddiYve	Manufacturing:	The	
Case	of	Lightweight	Aircran	Components.”	(Analysis	In	Progress). 	Note:	1	quad	=	1,000	TBtu	

Slow	AdopYon	 Mid-Range	AdopYon	 Rapid	AdopYon	



•  Carbon	Fiber	(CF)	is	currently	~	5x	more	energy	intensive	than	steel:	
•  Improved	CF	is	~	½	energy	intensity	than	PAN:		
•  Significantly	improved	materials	and	manufacturing	energy	improves	net	energy	footprint	

Technology	Assessment	–	Life	Cycle	Energy	Savings	from	
Light-weighHng	Carbon	Fiber	Reinforced	PlasHcs	vs.	Steel		

The	importance	of	improving	
materials	and	manufacturing	
energy	use		

The	
importance	of	
use	phase	
energy	
savings		

ORNL/DOE	analysis	–	
preliminary	results	
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The	Circular	Economy	
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Circular	Economy	–	In	December	2015,	the	
European	Commission	2030	targets	for	
recycling	municipal	waste	(65%)	and	packaging	
waste	(75%).	

1.   ProducHon		
1.1.	Product	design	
1.2.	ProducYon	processes		

2.	ConsumpHon	
3.	Waste	management	
4.	From	waste	to	resources:	
boosHng	the	market	for	secondary	
raw	materials	and	water	reuse		
5.	Priority	areas	

5.1.	PlasYcs		
5.2.	Food	waste		
5.3.	CriYcal	raw	materials		
5.4.	ConstrucYon	and	
demoliYon		
5.5.	Biomass	and	bio-based	
products		

6.	InnovaHon,	investment,	and	
other	horizontal	measures		
7.	Monitoring	progress	towards	a	
circular	economy		
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“The	European	Commission’s	clear	and	consistent	recycling	definiAons	are	very	
encouraging.	The	proposal	to	move	the	point	of	measurement	of	recycling	to	a]er	the	
sorAng	phase	rather	than	at	the	collecAon	phase	will	ensure	that	Member	States	
report	on	real	recycling	results.”	
	
	
“About	one	million	tonnes	of	aluminium	scrap	was	exported	in	2014,	this	is	an	
economic	waste	making	Europe	even	more	reliant	on	imports.	This	could	be	avoided	
through	greater	investment	in	European	collecAon	and	sorAng	infrastructure.	
ExporAng	scrap	is	like	exporAng	the	energy	embedded	in	the	metal.	If	we	recycled	this	
quanAty	here	in	Europe	we	would	save	the	equivalent	of	the	annual	energy	
consumpAon	of	countries	such	as	Latvia	or	Luxembourg.”	
	
	
	
hOp://www.euracYv.com/secYons/sustainable-dev/europe-should-conYnue-strive-
ideal-circular-economy-320140	
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ConsideraHons	as	we	start	this	workshop….	

•  What	sustainable	manufacturing	technologies	and	system	improvements*	
could	yield	the	greatest	economy-wide	impacts?	

•  How	can	we	sustainably	leverage	domesYc	energy	resources	(e.g.,	NG)?	

•  What	Ymely	investments	could	potenYally	enable	U.S.	leadership	and	open	
markets?	

40	

*for	example:	
•  Developing	and	Using	AlternaYve/Sustainable	Feedstocks		
•  ReducYon	of	Waste	in	Manufacturing	Processes		
•  End-of-Life	Management		
•  Materials,	Water	and	Energy	Management		
•  Sustainable	Design	and	Decision-Making		



Back-Up	Slides	
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CriHcal	Materials	

Cross-Energy	ConnecHons	
•  Electric	Power:	permanent	magnets	for	wind	

turbines	
•  Buildings:	phosphors	for	LED	lighAng	
•  TransportaHon:	dysprosium	and	other	rare	

earths	for	motors;	plaAnum	for	fuel	cell	catalysts	

Intra-Manufacturing	ConnecHons	
•  Sustainable	Manufacturing:	materials	

subsAtuAon	
•  Advanced	Sensors,	Controls,	PlaWorms,	and	

Modeling	for	Manufacturing:	models	to	
minimize	criAcal	materials	use	

•  Advanced	Materials	Manufacturing:	
computaAonal	techniques	to	develop	criAcal	
material	alternaAves	

Sustainable	Manufacturing	–		
Flow	of	Materials	through	Industry				

Direct	Thermal	Energy	Conversion	
Materials,	Devices	and	Systems	

Wide	Bandgap	Semiconductors	
for	Power	Electronics	

Materials	for	Harsh	
Service	CondiHons	

Advanced	Materials	
Manufacturing	

AddiHve	
Manufacturing	

Composite	Materials	
Manufacturing	

Roll-to-Roll	
Processing	

Process	IntensificaHon	

Process	HeaHng	

Waste	Heat	
Recovery	Systems	

Combined	Heat		
and	Power	

CriHcal	
Materials	

Advanced	Sensors,	Controls,	
PlaWorms	and	Modeling	for	

Manufacturing	

Buildings	 TransportaHon	Grid	 Fuels	

ConnecHons	to	other	QTR	Chapters	and	Technology	Assessments	

Electric	Power	

Scope	
•  Dynamic	nature	of	criYcality	
•  Permanent	magnets	for	wind	turbines	and	electric	vehicles	
•  Phosphors	for	energy	efficient	lighYng	
•  Supply	diversity	and	global	material	criYcality	
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Direct	Thermal	Energy		
Conversion	Materials,	Devices		
and	Systems	

Cross-Energy	ConnecHons	
•  Electric	Power:	water	withdrawal	for	power	

plant	cooling;	waste	heat	recovery	in	power	
plants	

•  Buildings:	thermoelectric	heat	pumps	for	HVAC	
•  TransportaHon:	direct	thermal	energy	

conversion	for	internal	combusAon	engines	

Intra-Manufacturing	ConnecHons	
•  Materials	for	Harsh	Service	CondiHons:	thermal	

conversion	materials	and	devices	for	high-
temperature	or	corrosive	environments	

•  Roll-to-Roll:	thermoelectric	device	fabricaAon	
via	roll-to-roll	

•  Waste	heat	recovery:	novel	energy	conversion	
materials,	devices	and	systems	for	waste	heat	to	
power	

•  AddiHve	Manufacturing:	addiAve	manufacturing	
of	thermoelectric	modules	

•  Advanced	Sensors,	Controls,	PlaWorms	and	
Modeling	for	Manufacturing:	thermal	control	
systems;	power	for	wireless	sensor	networks	Wide	Bandgap	Semiconductors	

for	Power	Electronics	

Materials	for	Harsh	
Service	CondiHons	

Advanced	Materials	
Manufacturing	

AddiHve	
Manufacturing	

Composite	Materials	
Manufacturing	

Roll-to-Roll	
Processing	

Process	IntensificaHon	

Process	HeaHng	

Waste	Heat	
Recovery	Systems	

Combined	Heat		
and	Power	

Advanced	Sensors,	Controls,	
PlaWorms	and	Modeling	for	

Manufacturing	

Direct	Thermal	Energy	Conversion	
Materials,	Devices	and	Systems	

Buildings	 TransportaHon	Grid	 Fuels	

ConnecHons	to	other	QTR	Chapters	and	Technology	Assessments	

Electric	Power	

CriHcal	
Materials	

Sustainable	Manufacturing	–			
Flow	of	Materials	through	Industry				

Scope	
•  Thermoelectric	materials	(including	new	proven	materials	such	as	SkuOerudites	and	Half-Heusler	alloys)	
•  New	manufacturing	processes	such	as	wafer-base	manufacturing	to	replace	pick-and-place	
•  Waste	heat	recovery	equipment	
•  Thermoelectric	generaYon	of	electricity	(cost	target:	$1/WaO)	
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Wide	Bandgap	Semiconductors		
for	Power	Electronics	

Cross-Energy	ConnecHons	
•  Grid:	solid	state	transformers	for	power	flow	

control;	inverters	for	renewable	energy	
•  Buildings:	variable	speed	drives	for	HVAC	

systems;	AC-to-DC	and	DC-to-AC	adapters	
•  TransportaHon:	Power	electronics	for	electric	

vehicles	

Intra-Manufacturing	ConnecHons	
•  Sustainable	Manufacturing:	smaller-footprint	

electronics	with	reduced	cooling	requirements	
•  Advanced	Sensors,	Controls,	PlaWorms	and	

Modeling	for	Manufacturing:	variable	frequency	
drives	and	motor	speed	control	

•  Advanced	Materials	Manufacturing:	low-cost,	
commercial-scale	producAon	methods	for	wide	
bandgap	devices	

Wide	Bandgap	Semiconductors	
for	Power	Electronics	

Materials	for	Harsh	
Service	CondiHons	

Advanced	Materials	
Manufacturing	

AddiHve	
Manufacturing	

Composite	Materials	
Manufacturing	

Roll-to-Roll	
Processing	

Process	IntensificaHon	

Process	HeaHng	

Waste	Heat	
Recovery	Systems	

Combined	Heat		
and	Power	

Advanced	Sensors,	Controls,	
PlaWorms	and	Modeling	for	

Manufacturing	

Direct	Thermal	Energy	Conversion	
Materials,	Devices	and	Systems	

CriHcal	
Materials	

Buildings	 TransportaHon	Grid	 Fuels	

ConnecHons	to	other	QTR	Chapters	and	Technology	Assessments	

Electric	Power	

Sustainable	Manufacturing	–			
Flow	of	Materials	through	Industry				

Scope	
•  OpportuniYes	for	silicon	carbide	(SiC)	and	gallium	nitride	(GaN)	to	replace	silicon	(Si)	in	power	electronics	
•  ApplicaYons	include	AC	adapters,	data	centers,	and	inverters	for	renewable	energy	generaYon	
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Materials	for	Harsh	Service		
CondiHons	

Cross-Energy	ConnecHons	
•  Fuels:	corrosion	in	offshore	drilling	equipment;	

ash	fouling	in	biomass	conversion	equipment;	
hydrogen	embrielement	in	H2	pipelines	

•  Electric	Power:	radiaAon-resistant	fuel	cladding;	
high-temperature	alloys	for	nuclear	reactors	and	
gas	and	steam	turbines	

•  TransportaHon:	corrosion-resistant	lightweight	
materials	

Intra-Manufacturing	ConnecHons	
•  Sustainable	Manufacturing	/	Advanced	

Materials	Manufacturing:	materials	to	increase	
durability	or	facilitate	re-use;	materials	genome	
techniques	for	new	materials	development	

•  Composite	Materials:	lightweight,	durable	
structural	components	for	automobiles;	erosion-
resistant	composites	for	wind	turbine	blades	and	
turbomachinery	

•  Direct	Thermal	Energy	Conversion:	thermal	
conversion	materials	and	devices	for	high-
temperature	or	corrosive	environments	

•  Advanced	Sensors,	Controls,	PlaWorms	and	
Modeling	for	Manufacturing:	computaAonal	
modeling	to	support	advanced	materials	
development;	Materials	for	Harsh	

Service	CondiHons	

Advanced	Materials	
Manufacturing	

AddiHve	
Manufacturing	

Composite	Materials	
Manufacturing	

Roll-to-Roll	
Processing	

Process	IntensificaHon	

Process	HeaHng	

Waste	Heat	
Recovery	Systems	

Combined	Heat		
and	Power	

Advanced	Sensors,	Controls,	
PlaWorms	and	Modeling	for	

Manufacturing	

Direct	Thermal	Energy	Conversion	
Materials,	Devices	and	Systems	

Wide	Bandgap	Semiconductors	
for	Power	Electronics	

Buildings	 TransportaHon	Grid	 Fuels	

ConnecHons	to	other	QTR	Chapters	and	Technology	Assessments	

Electric	Power	

CriHcal	
Materials	

Sustainable	Manufacturing	–			
Flow	of	Materials	through	Industry				

Scope	
•  Materials	for	extreme	environments	including	high	temperatures,	high	pressures,	corrosive	chemicals,	heavy	

mechanical	wear,	nuclear	radiaYon,	and	hydrogen	exposure	
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Advanced	Materials		
Manufacturing	

Cross-Energy	ConnecHons	
•  Electric	Power:	Materials	genome	techniques	to	

screen	materials	for	use	in	carbon	capture	and	
storage	(CCS)	applicaAons	

•  Buildings:	Advanced	building	envelope	materials	
•  TransportaHon:	PredicAve	design,	modeling,	and	

simulaAon	for	vehicle	product	development	

Intra-Manufacturing	ConnecHons	
•  AddiHve	Manufacturing:	material	formulaAons	

for	addiAve	techniques	
•  Roll-to-Roll:	thin-	and	thick-film	substrate	

producAon;	mulAlayer	alignment	
•  Sustainable	Manufacturing	/	Materials	for	

Harsh	Service	CondiHons:	materials	to	increase	
durability	or	facilitate	re-use;	materials	genome	
techniques	for	new	materials	development	

•  Advanced	Sensors,	Controls,	PlaWorms	and	
Modeling	for	Manufacturing:	computaAonal	
modeling	to	support	advanced	materials	
development;	controls	and	sensors	to	support	
advanced	manufacturing	techniques	

•  Wide	Bandgap	Semiconductors:	low-cost,	
commercial-scale	producAon	methods	for	wide	
bandgap	devices	

Materials	for	Harsh	
Service	CondiHons	

Advanced	Materials	
Manufacturing	

AddiHve	
Manufacturing	

Composite	Materials	
Manufacturing	

Roll-to-Roll	
Processing	

Process	IntensificaHon	

Process	HeaHng	

Waste	Heat	
Recovery	Systems	

Combined	Heat		
and	Power	

Advanced	Sensors,	Controls,	
PlaWorms	and	Modeling	for	

Manufacturing	

Direct	Thermal	Energy	Conversion	
Materials,	Devices	and	Systems	

Wide	Bandgap	Semiconductors	
for	Power	Electronics	

CriHcal	
Materials	

Buildings	 TransportaHon	Grid	 Fuels	

ConnecHons	to	other	QTR	Chapters	and	Technology	Assessments	

Electric	Power	

Sustainable	Manufacturing	–			
Flow	of	Materials	through	Industry				

Scope	
•  Broad-brush	discussion	of	next	generaYon	materials,	technical	barriers,	and	opportuniYes	
•  Emerging	processes	for	advanced	materials	producYon	
•  Materials	Genome	and	computaYonal	manufacturing	as	related	to	Clean	Energy	Manufacturing	
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AddiHve	Manufacturing	

Cross-Energy	ConnecHons	
•  Fuels:	fuel	cells	
•  Electric	Power:	custom	electrical	components	in	

substaAons;	complex	parts	for	power	plants;	
tooling	for	large	casAngs	for		power	plants	

•  Buildings:	heat	exchangers	for	HVAC	systems;	
window	frames	

•  TransportaHon:	Prototyping	and	tooling	in	
automoAve	applicaAons;	fuel	cells	

Intra-Manufacturing	ConnecHons	
•  Advanced	Sensors,	Controls,	PlaWorms	and	

Modeling	for	Manufacturing:	metrology	and	
control	systems	for	improved	quality,	defect	
detecAon,	and	throughput	

•  Process	IntensificaHon:	microchannel	reactor	
fabricaAon	

•  Roll-to-Roll	Manufacturing:	common	technology	
needs	for	addiAve	2-D	(roll-to-roll)	and	3-D	
(addiAve	manufacturing)	prinAng	technologies	

•  Composite	Materials:	3-D	prinAng	of	reinforced	
polymers	and	other	composites	

•  Advanced	Materials	Manufacturing:	material	
formulaAons	for	addiAve	techniques	

•  Direct	Thermal	Energy	Conversion:	addiAve	
manufacturing	of	thermoelectric	modules	Materials	for	Harsh	

Service	CondiHons	

Advanced	Materials	
Manufacturing	

AddiHve	
Manufacturing	

Composite	Materials	
Manufacturing	

Roll-to-Roll	
Processing	

Process	IntensificaHon	

Process	HeaHng	

Waste	Heat	
Recovery	Systems	

Combined	Heat		
and	Power	

CriHcal	
Materials	

Advanced	Sensors,	Controls,	
PlaWorms	and	Modeling	for	

Manufacturing	

Direct	Thermal	Energy	Conversion	
Materials,	Devices	and	Systems	

Wide	Bandgap	Semiconductors	
for	Power	Electronics	

Buildings	 TransportaHon	Grid	 Fuels	

ConnecHons	to	other	QTR	Chapters	and	Technology	Assessments	

Electric	Power	

Sustainable	Manufacturing	–			
Flow	of	Materials	through	Industry				

Scope	
•  Structural	composite	materials	for	lightweighYng,	including	automoYve,	wind,	and	gas	storage	applicaYons	
•  Forming	and	curing	technologies	for	thermose{ng	and	thermoplasYc	polymer	composites	
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Composite	Materials	

Cross-Energy	ConnecHons	
•  Fuels:	hydrogen	fuel	storage	
•  Electric	Power:	lightweight	wind	turbine	blades	
•  TransportaHon:	compressed	gas	storage	for	

mobile	applicaAons;	automoAve	lightweighAng	

Intra-Manufacturing	ConnecHons	
•  AddiHve	Manufacturing:	3-D	prinAng	of	

reinforced	polymers	and	other	composites	
•  Materials	for	Harsh	Service	CondiHons:	

lightweight,	durable	structural	components	for	
automobiles;	erosion-resistant	composites	for	
wind	turbine	blades	and	turbomachinery	

•  Advanced	Sensors,	Controls,	PlaWorms	and	
Modeling	for	Manufacturing:	inspecAon	
techniques	for	quality	control;	automated	tape	
laying	and	automated	tape	placement	

•  Sustainable	Manufacturing:	Lightweight	
materials	manufacturing	for	life-cycle	energy	
savings	

Materials	for	Harsh	
Service	CondiHons	

Advanced	Materials	
Manufacturing	

AddiHve	
Manufacturing	

Composite	Materials	
Manufacturing	

Roll-to-Roll	
Processing	

Process	IntensificaHon	

Process	HeaHng	

Waste	Heat	
Recovery	Systems	

Combined	Heat		
and	Power	

Advanced	Sensors,	Controls,	
PlaWorms	and	Modeling	for	

Manufacturing	

Direct	Thermal	Energy	Conversion	
Materials,	Devices	and	Systems	

Wide	Bandgap	Semiconductors	
for	Power	Electronics	

CriHcal	
Materials	

Buildings	 TransportaHon	Grid	 Fuels	

ConnecHons	to	other	QTR	Chapters	and	Technology	Assessments	

Electric	Power	

Sustainable	Manufacturing	–			
Flow	of	Materials	through	Industry				

Scope	
•  Structural	composite	materials	for	lightweighYng,	including	automoYve,	wind,	and	gas	storage	applicaYons	
•  Forming	and	curing	technologies	for	thermose{ng	and	thermoplasYc	polymer	composites	
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Roll-to-Roll	Processing	

Cross-Energy	ConnecHons	
•  Electric	Power:	flexible	solar	panels	
•  Buildings:	window	insulaAon	films	
•  TransportaHon:	baeery	electrodes	

Intra-Manufacturing	ConnecHons	
•  Advanced	Sensors,	Controls,	PlaWorms	and	

Modeling	for	Manufacturing:	metrology	and	
control	systems	for	improved	quality,	defect	
detecAon,	and	throughput	

•  Process	IntensificaHon:	roll-to-roll	for	
producAon	of	separaAon	membranes	

•  AddiHve	Manufacturing:	common	technology	
needs	for	addiAve	2-D	(roll-to-roll)	and	3-D	
(addiAve	manufacturing)	prinAng	technologies	

•  Direct	Thermal	Energy	Conversion:	
thermoelectric	device	fabricaAon	via	roll-to-roll	

•  Advanced	Materials	Manufacturing:	thin-	and	
thick-film	substrate	producAon;	mulAlayer	
alignment	

Wide	Bandgap	Semiconductors	
for	Power	Electronics	

Materials	for	Harsh	
Service	CondiHons	

Advanced	Materials	
Manufacturing	

AddiHve	
Manufacturing	

Composite	Materials	
Manufacturing	

Roll-to-Roll	
Processing	

Process	IntensificaHon	

Process	HeaHng	

Waste	Heat	
Recovery	Systems	

Combined	Heat		
and	Power	

Advanced	Sensors,	Controls,	
PlaWorms	and	Modeling	for	

Manufacturing	

Direct	Thermal	Energy	Conversion	
Materials,	Devices	and	Systems	

CriHcal	
Materials	

Buildings	 TransportaHon	Grid	 Fuels	

ConnecHons	to	other	QTR	Chapters	and	Technology	Assessments	

Electric	Power	

Sustainable	Manufacturing	–			
Flow	of	Materials	through	Industry				

Scope	
•  Roll-to-roll	(R2R)	applicaYons	such	as	flexible	solar	panels,	printed	electronics,	thin	film	baOeries,	and	membranes	
•  DeposiYon	processes	such	as	evaporaYon,	spuOering,	chemical	vapor	deposiYon,	and	atomic	layer	deposiYon	
•  Metrology	for	inspecYon	and	quality	control	
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Process	IntensificaHon	

Cross-Energy	ConnecHons	
•  Fuels:	natural	gas	and	modular	producAon	
•  Electric	Power:	chemical	conversion	of	

biofeedstocks;	separaAons	for	CCS	
•  Buildings:	membranes	for	dehumidificaAon	
•  TransportaHon:	adsorbent	systems	for	

compressed	gas	storage	

Intra-Manufacturing	ConnecHons	
•  Process	HeaHng	/	Waste	Heat	Recovery:	

integrated	control	systems;	replacement	of	
batch	operaAons	with	conAnuous	ones;	facility	
integraAon	to	enable	re-use	of	exhaust	gases	in	
lower-temperature	processes	

•  Combined	Heat	and	Power	/	Sustainable	
Manufacturing:	modular	equipment	design	for	
easier	reconfiguraAon,	upgrade	and	repair	

•  Roll-to-Roll	Processing:	roll-to-roll	for	
producAon	of	separaAon	membranes	

•  AddiHve	Manufacturing:	microchannel	reactor	
fabricaAon	

•  Advanced	Sensors,	Controls,	PlaWorms,	and	
Modeling	for	Manufacturing:	on-line	data	
acquisiAon	and	modeling	for	process	control;	
enterprise-wide	operaAons	opAmizaAon	

Wide	Bandgap	Semiconductors	
for	Power	Electronics	

Materials	for	Harsh	
Service	CondiHons	

Advanced	Materials	
Manufacturing	

AddiHve	
Manufacturing	

Composite	Materials	
Manufacturing	

Roll-to-Roll	
Processing	

Process	IntensificaHon	

Process	HeaHng	

Waste	Heat	
Recovery	Systems	

Advanced	Sensors,	Controls,	
PlaWorms	and	Modeling	for	

Manufacturing	

Sustainable	Manufacturing	–			
Flow	of	Materials	through	Industry				

CriHcal	
Materials	

Combined	Heat		
and	Power	

Direct	Thermal	Energy	Conversion	
Materials,	Devices	and	Systems	

Buildings	 TransportaHon	Grid	 Fuels	

ConnecHons	to	other	QTR	Chapters	and	Technology	Assessments	

Electric	Power	

Scope	
•  Process	intensificaYon	equipment	and	methods	
•  SeparaYons	technologies	
•  Feedstock	use	and	feedstock	conversion	technologies	
•  Focus	on	the	energy-intensive	chemical	sector	
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Process	HeaHng	Systems	

Cross-Energy	ConnecHons	
None,	as	this	is	a	manufacturing-specific	
technology	

Intra-Manufacturing	ConnecHons	
•  CHP:	integraAon	of	CHP	with	process	heaAng	

equipment	
•  Sustainable	Manufacturing:	shared	ownership	

of	equipment	to	maximize	producAon	intensity	
•  Waste	Heat	Recovery:	waste	heat	recovery	from	

process	heaAng	equipment;	facility	integraAon	
to	enable	re-use	of	exhaust	gases	in	lower-
temperature	processes	

•  Process	IntensificaHon:	integrated	control	
systems;	replacement	of	batch	operaAons	with	
conAnuous	ones	Sustainable	Manufacturing	–			

Flow	of	Materials	through	Industry				
Direct	Thermal	Energy	Conversion	
Materials,	Devices	and	Systems	

Wide	Bandgap	Semiconductors	
for	Power	Electronics	

Materials	for	Harsh	
Service	CondiHons	

Advanced	Materials	
Manufacturing	

AddiHve	
Manufacturing	

Composite	Materials	
Manufacturing	

Roll-to-Roll	
Processing	

Process	IntensificaHon	

Process	HeaHng	

Waste	Heat	
Recovery	Systems	

Combined	Heat		
and	Power	

CriHcal	
Materials	

Advanced	Sensors,	Controls,	
PlaWorms	and	Modeling	for	

Manufacturing	

Buildings	 TransportaHon	Grid	 Fuels	

ConnecHons	to	other	QTR	Chapters	and	Technology	Assessments	

Electric	Power	

Scope	
•  Low	thermal	budget	technologies	
•  Sensors	and	process	controls	for	process	heaYng	equipment	
•  Process	heaYng	energy	saving	opportuniYes,	e.g.	waste	heat	recovery,	non-thermal	drying,	and	low-energy	processing	
•  Fuel,	electricity,	steam,	and	hybrid	systems	
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Advanced	Sensors,	Controls,		
PlaWorms,	and	Modeling	for		
Manufacturing	

Cross-Energy	ConnecHons	
•  Grid:	advanced	metering;	sensors	for	power	flow	
•  Electric	Power:	grid	integraAon	
•  Buildings:		advanced	sensors	for	lighAng	and	

HVAC	
•  TransportaHon:		vehicles	engine	control	systems	

Intra-Manufacturing	ConnecHons	
ConnecHons	spanning	all	manufacturing	
technologies,	including:	integrated	sensors	and	
controls	for	increased	manufacturing	throughput,	
efficiency,	and	quality	control;	computaAonal	
models	for	simulaAons	and	accelerated	materials	
development	

Wide	Bandgap	Semiconductors	
for	Power	Electronics	

Materials	for	Harsh	
Service	CondiHons	

Advanced	Materials	
Manufacturing	

AddiHve	
Manufacturing	

Composite	Materials	
Manufacturing	

Roll-to-Roll	
Processing	

Process	IntensificaHon	

Process	HeaHng	

Advanced	Sensors,	Controls,	
PlaWorms	and	Modeling	for	

Manufacturing	

CriHcal	
Materials	 Direct	Thermal	Energy	Conversion	

Materials,	Devices	and	Systems	

Buildings	 TransportaHon	Grid	 Fuels	

ConnecHons	to	other	QTR	Chapters	and	Technology	Assessments	

Electric	Power	

Waste	Heat	
Recovery	Systems	

Combined	Heat		
and	Power	

Sustainable	Manufacturing	–			
Flow	of	Materials	through	Industry				

Scope	
•  Smart	systems	and	advanced	controls	
•  Advanced	sensors	and	metrology,	including	power/cost	sensors	and	component	tracking	across	the	supply	chain	
•  Distributed	manufacturing	
•  PredicYve	maintenance	
•  Product	customizaYon	
•  HPC,	cloud	compuYng	and	opYmizaYon	algorithms	



Waste	Heat	Recovery		
Systems	

Cross-Energy	ConnecHons	
•  Electric	Power:	waste	heat	recovery	

opportuniAes	in	electric	generaAon	
•  Buildings:	heat	exchangers	in	HVAC	systems	
•  TransportaHon:	waste	heat	recovery	from	

internal	combusAon	engines	

Intra-Manufacturing	ConnecHons	
•  CHP:	heat	recovery	in	CHP	systems	
•  Sustainable	Manufacturing:	opAmizaAon	of	

heat	flows	to	maximize	producAon	intensity	and	
minimize	waste	heat	losses	

•  Direct	Thermal	Energy	Conversion:	novel	energy	
conversion	materials,	devices	and	systems	for	
waste	heat	to	power	

•  Advanced	Sensors,	Controls,	PlaWorms	and	
Modeling	for	Manufacturing:	sensors	to	monitor	
temperature,	humidity,	and	lower	explosion	
limits	to	enable	increased	exhaust	gas	recycling;	
predicAve	models	for	combusAon	

•  Process	IntensificaHon:	integrated	control	
systems;	replacement	of	batch	operaAons	with	
conAnuous	ones	

•  Process	HeaHng:	waste	heat	recovery	from	
process	heaAng	equipment;	facility	integraAon	
to	enable	re-use	of	exhaust	gases	in	lower-
temperature	processes	

Direct	Thermal	Energy	Conversion	
Materials,	Devices	and	Systems	

Wide	Bandgap	Semiconductors	
for	Power	Electronics	

Materials	for	Harsh	
Service	CondiHons	

Advanced	Materials	
Manufacturing	

AddiHve	
Manufacturing	

Composite	Materials	
Manufacturing	

Roll-to-Roll	
Processing	

Process	IntensificaHon	

Process	HeaHng	

Waste	Heat	
Recovery	Systems	

Combined	Heat		
and	Power	

Advanced	Sensors,	Controls,	
PlaWorms	and	Modeling	for	

Manufacturing	

CriHcal	
Materials	

Buildings	 TransportaHon	Grid	 Fuels	

ConnecHons	to	other	QTR	Chapters	and	Technology	Assessments	

Electric	Power	

Sustainable	Manufacturing	–			
Flow	of	Materials	through	Industry				

Scope	
•  Waste	heat	recovery	technologies,	including	recuperators,	recuperaYve	burners,	staYonary	and	rotary	regenerators,	

and	shell-and-tube	heat	exchangers	
•  Major	waste	heat	sources	such	as	blast	furnaces,	electric	arc	furnaces,	melYng	furnaces,	and	kilns	
•  OpportuniYes	for	low,	medium,	and	high-temperature	waste	heat	recovery	
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Combined	Heat	and	Power		
Systems	

Cross-Energy	ConnecHons	
•  Grid:	CHP	for	distributed	generaAon	
•  Electric	Power:	CHP	for	distributed	generaAon	

Intra-Manufacturing	ConnecHons	
•  Sustainable	Manufacturing	/	Process	

IntensificaHon:	modular	design	for	easier	
reconfiguraAon,	upgrade	and	repair	

•  Waste	Heat	Recovery:	heat	recovery	in	CHP	
systems	

•  Advanced	Sensors,	Controls,	PlaWorms,	and	
Modeling	for	Manufacturing:	models	to	support	
development	of	high-efficiency	CHP	
configuraAons;	improved	controls	for	grid	
integraAon	

•  Process	HeaHng:	integraAon	of	CHP	with	
manufacturing	equipment	

Direct	Thermal	Energy	Conversion	
Materials,	Devices	and	Systems	

Wide	Bandgap	Semiconductors	
for	Power	Electronics	

Materials	for	Harsh	
Service	CondiHons	

Advanced	Materials	
Manufacturing	

AddiHve	
Manufacturing	

Composite	Materials	
Manufacturing	

Roll-to-Roll	
Processing	

Process	IntensificaHon	

Process	HeaHng	

Waste	Heat	
Recovery	Systems	

Combined	Heat		
and	Power	

Advanced	Sensors,	Controls,	
PlaWorms	and	Modeling	for	

Manufacturing	

CriHcal	
Materials	

TransportaHon	Grid	 Fuels	

ConnecHons	to	other	QTR	Chapters	and	Technology	Assessments	

Electric	Power	 Buildings	

Sustainable	Manufacturing	–			
Flow	of	Materials	through	Industry				

Scope	
•  Supply	chain	issues,	from	resource	extracYon	to	end	of	life	(Life	Cycle	Analysis)	
•  Flow	diagrams	to	demonstrate	supply	chain	issues	Material	efficiency:	mechanisms	for	reducing	demand	for	materials	

(e.g.,	lightweighYng,	scrap	reducYon,	increased	material	longevity)	
•  Design	for	Re-use	/	Recycling	
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Sustainable	Manufacturing	/		
Flow	of	Materials	through		
Industry	

Cross-Energy	ConnecHons	
•  Electric	Power:	management	of	water	&	energy	

resources	
•  Buildings:	recycling	and	materials	subsAtuAon/

minimizaAon	

Intra-Manufacturing	ConnecHons	
•  CriHcal	Materials:	materials	subsAtuAon	
•  Process	HeaHng:	shared	ownership	of	

equipment	to	maximize	producAon	intensity	
•  Materials	for	Harsh	Service	CondiHons	/	

Advanced	Materials	Manufacturing:	materials	
to	increase	durability	or	facilitate	re-use	

•  Combined	Heat	and	Power	/	Process	
IntensificaHon:	modular	equipment	design	for	
easier	reconfiguraAon,	upgrade	and	repair	

•  AddiHve	Manufacturing:	distributed	
manufacturing;	raw	material	minimizaAon	

•  Composite	Materials:	Lightweight	materials	
manufacturing	for	life-cycle	energy	savings	

•  Advanced	Sensors,	Controls,	PlaWorms,	and	
Modeling	for	Manufacturing:	smart	
technologies	to	enable	track	&	trace	of	materials	
through	the	life	cycle	

•  Waste	Heat	Recovery:	opAmizaAon	of	heat	
flows	to	maximize	producAon	intensity	and	
minimize	waste	heat	losses	

Sustainable	Manufacturing	–			
Flow	of	Materials	through	Industry				

Direct	Thermal	Energy	Conversion	
Materials,	Devices	and	Systems	

Wide	Bandgap	Semiconductors	
for	Power	Electronics	

Materials	for	Harsh	
Service	CondiHons	

Advanced	Materials	
Manufacturing	

AddiHve	
Manufacturing	

Composite	Materials	
Manufacturing	

Roll-to-Roll	
Processing	

Process	IntensificaHon	

Process	HeaHng	

Waste	Heat	
Recovery	Systems	

Combined	Heat		
and	Power	

CriHcal	
Materials	

Advanced	Sensors,	Controls,	
PlaWorms	and	Modeling	for	

Manufacturing	

Buildings	 TransportaHon	Grid	 Fuels	

ConnecHons	to	other	QTR	Chapters	and	Technology	Assessments	

Electric	Power	

Scope	
•  Supply	chain	issues,	from	resource	extracYon	to	end	of	life	(Life	Cycle	Analysis)	
•  Flow	diagrams	to	demonstrate	supply	chain	issues	Material	efficiency:	mechanisms	for	reducing	demand	for	materials	

(e.g.,	lightweighYng,	scrap	reducYon,	increased	material	longevity)	
•  Design	for	Re-use	/	Recycling	



IntroducHon	-	Flow	of	Energy	
through	the	U.S.	Economy	
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IntroducHon	–	Flow	of	Energy	
Through	Manufacturing	

Note:	1	quad	=	1,000	TBtu	
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Driver	–	Energy	Intensity	Improvements	
Technical	Energy	Savings	OpportuniHes:	Iron	&	Steel	Industry	
2015	Bandwidth	Study	–	potenHal	by	major	process	area	

Source:	DOE/AMO,	Iron	&	Steel	Industry	Energy	Bandwidth	Study	(2014)				 	 	 	Note:	1	quad	=	1000	TBtu	
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Final	
Processing	

Secondary		
Processing	
(8.72	kg)	

Key	assumpHons:	
•  Ingot	embodied	(source)	energy	918	MJ/kg	(255	kWh/kg)[5]	
•  Forging	1.446	kWh/kg[5]	,	AtomizaYon	1.343	kWh/kg[6,7,8],	Machining	9.9	kWh/kg	removed[9],	SLM	29	kWh/kg[10,	11],	EBM	17	kWh/kg[10]	
•  11	MJ	primary	energy	per	kWh	electricity	
• Machining	pathway	buy-to-fly	33:1[15],	supply	chain	buy	point	=	forged	product	(billet,	slab,	etc.)	
•  AM	pathway	buy-to-fly	1.5:1,	supply	chain	buy	point	=	atomized	powder	
•  Argon	used	in	atomizaYon	and	SLM	included	in	recipes	but	not	factored	into	energy	savings	in	this	presentaYon	

Powder	 Electron	Beam	
MelYng	(EBM)	

Addi3ve	Manufacturing	-	Buy-to-Fly	Ra3o	1.5:1	

Finished	Part	

Source:	MFI	and	LIGHTEnUP	Analysis	

Primary	Processing			
(15.9	MJ/kg)	

Finished	Part	
Mill	Product	
(slab,	billet,	

etc.)	

Machined	
Product	

Conven3onal	Machining	-	Buy-to-Fly	Ra3o	8:1	

AtomizaHon	
(14.8	MJ/kg)	

(0.57	kg)	

Final	
Processing	
(0.38	kg)	

1.09	kg	

0.38	kg	

*“Average”	convenYonal	bracket	1.09	kg,	“average”	AM	bracket	0.38	kg	

Ingot			
(918	MJ/kg	
embodied	
energy)	

Technology	Assessment	–	AddiHve	Manufacturing	
Example:	OpHmized	Aircral	Bracket	
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Driver	–	Carbon	Intensity	
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Direct	emissions	with	efficiency	
improvements,	…	

…and	with	fuel	switching	and												
material	subsYtuYon	

Example	analysis	using	the	Buildings,	Industry,		Transport,	Electricity	Scenario	(BITES)	tool		

Carbon	capture	and	
sequestraYon	(CCS)	
technologies	offer	
addiYonal	
opportuniYes	

Agriculture,	mining,	
construcYon:	
OpportuniYes	for	
advanced	engines,	
biofuels,	etc.	
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Driver	–	Use	Intensity:	Aluminum	Example	

Materials	Shin	–	To	enable	increase	of	secondary	aluminum			
End-of-life	shin	–	To	enable	greater	capture	and	use	of	landfill	+	scrap	export		
Systems-wide–	Materials	&	product	design,	manufacturing,	use	and	re-use.	
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